Introduction
The hematite-ilmenite solid solution series ((1-x)Fe2O3 • xFeTiO3) plays an important role in rock magnetism (NAGATA, 1961) . In volume of naturally occurring magnetic minerals, this series is second only to the magnetite-ulvospinel series. Some members of the series exhibit extremely high magnetic stability, making them reliable candidates for paleomagnetic research.
Others exhibit the phenomenon of reverse thermoremanent magnetization (RTRM), a complication in paleomagnetic studies.
There are several unusual aspects of the magnetic properties of the hematite-ilmenite series which are not yet well understood. The magnetic state of a member is a function of its composition : in the region 0 <x <0.45 the members exhibit antif erromagnetism (with superimposed parasitic ferromagnetism) ; the region 0.45 _< x < 1 is ferrimagnetic ; and ilmenite (x=1) is antiferromagnetic.
As mentioned above, some members (UYEDA, 1958) exhibit reverse thermoremanent magnetization. Finally, the arrangement of cations in the crystal for compositions near x = 0.50 may be either ordered or disordered (ISHIKAWA,1958a ; ISHIKAWA and SYONO,1963) with the state of order being a very sensitive function of the thermal history of the sample. Because the Mossbauer effect is a useful tool for determining cation arrangements and internal magnetic fields in iron compounds, it was used to study synthetic samples from the hematite-ilmenite series for the purpose of adding to our understanding of the properties mentioned above.
The Samples
The samples were prepared by weighing appropriate amounts of powdered Fe, TiO2 and Fe2O3 (all 99.95% pure or better) so that the final mixture would produce a two-gram sample. The mixture was placed in a quartz tube, evacuated to approximately 10-3 torr, and sealed. The tubes that temperature for 10 hr, most of the samples were quenched in water.
room temperature. The quenched samples were made at 5% intervals in the region 0 <x < 1; ten additional quenched samples were made in regions of particular interest.
The heat treated samples were confined to the region 0.425 <x <0.60.
Many samples were duplicated using variations of the preparation procedure described above. Some samples were weighed and mixed in an inert atmosphere ; some were ground in acetone and forced through a #200-mesh sieve. Mossbauer spectra and other crystal analyses discussed below were not affected by such differences in preparation techniques.
Electron probe microanalysis was used to check the positions of the synthetic samples in the solid solution series. This proved unsuccessful as an independent check because of compositional gradients in the standards used for reference and because X-ray diffraction analysis and peak area analyses of Mossbauer spectra eventually proved to be a more accurate technique. The crystal structure of most samples was checked by X-ray diffraction (MOREL, 1971 The data were analyzed on a digital computer using a program based on an iterative least squares fit of an arbitrary number of Lorentzian peaks. The program can resolve neighboring peaks if they are separated by a distance which is greater than half of their half widths. Another program (KUNDIG, 1967) was used in the calculation of such Mossbauer known as the asymmetry parameter).
Results
a. The region 0 < x < 0.40
The spectrum for hematite (x=0.0) is shown in Fig. 1 . The calculated previous studies (KISTNER and SUNYAR, 1960; ONO and ITO, 1962) . Since all cation sites in hematite contain Fe3+ and these sites are equivalent, the Mossbauer spectrum is a simple six-peak pattern. Figure 2 is the spectrum for x = 0.30 where 107 counts/channel were accumulated at room temperature.
The Mossbauer parameters for the two subspectra are : subspectrum I. Subspectrum I is indicative of Fe3+ since it is similar to the hematite spectrum.
Consequently subspectrum II should be due to Fe2+, but there are two features of the spectrum which indicate a different origin. The first is that the isomer shift of subspectrum II is significantly smaller than customarily observed for Fee+(1.0 to 1.8 mm/sec, GOLDANSKII and HERBER, 1968) , and is also less than the values found for the ilmeniterich members discussed below, i.e., 1.31 mm/sec.
A more significant problem is that the theoretical Fe2+/Fe3+ ratio for x =0.30 is 0.21, but the experimental value for the ratio of the subspectra peak areas is 0.68, suggesting that subspectrum II contains both Fe2+ and Fe3+.
A simple explanation which resolves both of these difficulties is that electron transfer is taking place between Fe2+ and Fe3+. If this happens, the cations involved in the transfer lose their separate identity and form a single spectrum with broadened peaks and averaged Mossbauer parameters (KUNDIG and HARGROVE, 1969) . Subspectrum II, then, is this average spectrum, and this interpretation is supported by the fact that the subspectrum isomer shift is very close to the average of the shifts observed for Fe3+ (0.52 mm/sec) and Fe2+ (1.31 mm/sec) in this study. Figure 2 shows no subspectrum due to Fe2+ alone, suggesting that all Fe2+ cations are involved in electron transfer with an equal number of Fe3+ cations. If this is correct, the subspectra peak area ratio should be given by ,which gives a value of 0.55 for x=0.30. The same sample was ratio of 0.64. Both experimental values are significantly closer to a theoretical value based on electron transfer than to the theoretical ratio (0.21) of Fe2+/Fe3+ which would be observed if transfer were not occurring. Similar peak area ratios were determined for the range 0.10< x<_ 0.35. The effect was too small to be reliably calculated for x=0.05, and broadening and overlap of peaks resisted quantitative differentiation of subspectra for x > 0.40. Figure 3 shows the experimentally determined subspectra ratios as a function of composition.
Note that the electron transfer model (dotted line) gives a much better fit to the data than the Fe2+/Fe3+ model (solid line).
Unfortunately, the A and B lattice sites are crystallographically equivalent, making it impossible to determine the individual site populations of Fe2+, Fe3+ and Ti4+. It is also not possible to determine from the spectra alone whether the Fe2+ -Fe3+ transfer phenomenon is occurring within one (or both) sites or between two sites. We will return to these questions after discussing results from the rest of the series.
To our knowledge, this is the first observation of electron transfer in the hematite-ilmenite series. The possibility had been suggested by ISHIKAWA and AKIMOTO (1958) on the basis of high electrical conductivities observed in the series (ISHIKAWA, 1958b) , but was never verified. CARMICHAEL (1961) also suggested the possibility of transfer as a mechanism for producing self reversals in hematite-rich members of the series. Electron transfer has been documented in magnetite (KUNDIG and HARGROVE, 1969; RUBENSTEIN and FORESTER, 1971 ) and other members of the magnetite-ulvospinel series (BANERJEE et al., 1967; JENSEN et al., 1971) . Fig. 4 . Although we have much better resolution than was obtainable in earlier studies by SHIRANE et al. (1962) , it is impossible to resolve more than seven peaks. The outer four peaks are broadened far more than can be accounted for by electron transfer. This broadening is apparently due to spin-relaxation phenomena of Fe3+ ( VAN DER WOUDE and DEKKER,1965; WICKMANN,1968) ; its effects in the hematite-ilmenite series are discussed elsewhere (WARNER, et al., in press ).
In order to establish the paramagnetic-ferrimagnetic transition point at room temperature, samples were prepared at x = 0.70, 0.72, 0.74 (Fig. 5) . The spectra for x = 0.70 and x = 0.72 show hyperfine splitting due to While quantitative analyses of spectra in this region are difficult, we can say that for quenched samples there are no significant discontinuities in spectra as a function of composition and that no more than two subspectra are observed for any sample. The confidence of this statement disappears around x = 0.60 where the two subspectra become so strongly overlapped that they are indistinguishable.
This implies that electron transfer continues to x = 0.60 at least.
The heat-treated samples in the range 0.425< x <_O.50 showed essentially the same spectra as the corresponding quenched samples. For x = 0.55 and x=0.60, however, an additional (third) subspectrum appeared. Figure 6 shows the spectrum for x = 0.60; the breakdown of each of the six composite peaks into three peaks is most easily detected on the outer peaks where the overlap is least. A qualitative peak location study shows that the main subspectrum (I) is an Fe2+, Fe3+ averaged spectrum, while subspectrum (II) is indicative of Fe3+ and subspectrum (III) is indicative of Fe2+.
If we assume that the effect of heat treatment is to produce a more (1-x) : (2x -1) = 4 : 2: 1. Unfortunately, severe overlap of the three sets of peaks prevents accurate determination of peak area ratios, particularly for the two smaller subspectra.
Qualitatively it would appear that subspectrum III is larger than subspectrum II. A possible explanation is that transfer for this sample is not pairwise; that is, that the average Fe2+, Fe3+ spectrum is produced by fewer than (1-x)Fe2+ transferring with (1-x)Fe3+, leaving more Fe2+ to contribute to subspectrum III.
The significant feature of this model is that transfer occurs either within the A site or between A and B but not both ways; otherwise we would not see the subspectrum due to Fe2+ alone. This ordered model Figure 8 shows a plot of the subspectra peak area ratio as a function of composition.
The solid line shows the theoretical Fee+/Fe3+ ratio as a function of composition. The theoretical curve is in good agreement with Fig. 7 Room temperature spectrum and peak fits for x=0.80. clustering in the region 0.80< x < 1.00. Our measurements indicate at least short range magnetic ordering because spin relaxation times are long compared to Mossbauer measurement times (-10-8sec), but superparamagnetic behavior may be expected from hysteresis measurements where spin relaxation times are short compared to measurement times.
The room temperature spectrum of pure ilmenite shows a two-peak pattern as expected.
Earlier studies of natural (GIBB et al., 1969) and synthetic (RUBY and SHIRANE, 1961) ilmenite have often resulted in four peaks, two major inner peaks similar to our ilmenite spectrum and two smaller side peaks with the same isomer shift but larger quadrupole splitting.
We believe that these extra peaks are characteristic of a titanium-rich member of the pseudobrookite series. To test this, we determined that ilmenite samples which were deliberately prepared titaniumrich and iron-poor showed these extra peaks which were identical in location to the peaks of a synthetic sample of FeTi2O5. FeTi2O5 samples used in this study were prepared by us, but MURANAKA et al. (1971) have also studied Mossbauer spectra of FeTi2O5.
Discussion
Perhaps the most interesting result of our study is the observation of electron transfer. This can provide information about the internal cation arrangement, since transfer is most likely to occur when Fe2+ and Fe3+ ions are adjacent in the lattice (VERWEY et al., 1947) and should be inhibited by titanium. The absence of transfer in samples in the range 0.75< x < 1.00 cannot be explained simply by the presence of more titanium, however, because we would then expect to see a gradual decrease in the proportion of transferring atoms with increasing titanium content. Instead, transfer appears to be complete for quenched samples from 0 < x <0.60 and then to rapidly cease between 0.60< x <0.75.
A more likely explanation of these observations is that the ordering which occurs near the middle of the series (ISHIKAWA and AKIMOTO,1957) causes rearrangement of the cations in such a way as to inhibit transfer. Ishikawa and Akimoto showed that the most probable structure in the ordered region has Fe2+ and Ti4+ ions occupying alternate cation layers (A and B). Since there is no way to prevent Fe2+ ions and Fe3+ ions from occupying adjacent positions in the A sublattice it would appear that transfer within a cation layer cannot occur. If we assume that transfer occurs only between the A and B layers it would also appear that Fe2+ ions in the A sublattice are not in positions adjacent to Fe3+ ions in the B sublattice in the ordered region.
A model which does not allow transfer within a sublattice is supported by observations that transfer in the disordered region is pairwise; that is, that one Fe2+ ion shares an electron with one Fe3+ ion. Transfer between several cations should be observed if transfer is allowed within a sublattice, since an A cation has several A site nearest neighbors. An A site cation has only one B site nearest neighbor, however, so pairwise transfer is suggestive of transfer only between the sublattices. It is more difficult to understand why transfer should be comptete (no Fe2+ spectrum at all) in the region 0 < x <0.40 if this region is completely disordered.
In x=0.40, for example, the probability that an Fe2+ ion in one sublattice has an Fe3+ as nearest neighbor in the adjacent sublattice is only 0.60, so we would expect a separate Fe2+ spectrum arising from the 40% of the Fe2+ cations which are not participating in transfer. Perhaps this region is not completely disordered.
Our analysis of transfer is complicated by the fact that transfer is thermally activated.
Even if it occurs, it will not be detected by the Mossbauer effect unless the characteristic relaxation time for transfer is short compared to the mean lifetime of the excited state of Fe57 (10-7sec). As temperature decreases, transfer relaxation time increases and the Fee, Fe3+ peaks broaden (KUNDIG and HARGROVE,1969) , eventually separating into Fe2+ and Fe3+ peaks. Relaxation times for transfer in the hematiteilmenite series must be determined from studies of peak broadening before these spectra may be interpreted unambiguously.
Hyperfine fields at roam temperature have been determined for the Fe3+ (0< x <0.72) and the average Fe2+, Fe3+ (0.05< x <0.40) subspectra of quenched samples (Fig. 10 ). The decrease with increasing value of x is due to the approach to the room temperature Neel point. The order-disorder transition around x=0.45 does not appear to affect these values. Since the Fe2+, Fe3+ spectrum is an average of the two cations, the Fe2+ hyperfine field is less than the Fe3+ field, but does not seem to be less than about 400 koe.
As is the case with most studies of the hematite-ilmenite series, the region between x = 0.40 and 0.70 is potentially the most interesting because of several types of transitions which occur within it: 1) the crystallographic transition from R3C to R3 as the structure becomes ordered ; 2) the magnetic transition from antiferromagnetic to ferrimagnetic; 3) the transition from complete electron transfer to no transfer ; 4) the transition in the Fe2+ hyperfine field strength. The extra subspectrum for heat treated samples of x = 0.55 and 0.60 should provide information about the nature of the ordering process, but in all other respects this region is most resistant to Mossbauer analysis because of peak broadening and overlap. Extensive low temperature
Mossbauer studies of these samples should eliminate these difficulties and permit better interpretation of the behavior in this region.
